Motion sensitivity requires the comparison of neural responses activated by nearby points in visual space. In this issue of Neuron, Manookin et al. (2018) find that in the primate retina, such comparisons are already manifest in second-order retinal bipolar cells, relying on lateral excitation mediated by gap junctions.
The vertebrate retina is composed of a complex array of microcircuits that serve to extract salient features from the visual scene, such as object motion, direction, orientation, color, etc. These features are then relayed to higher visual centers via 20-30 functionally and morphologically distinct types of ganglion cells, whose axons leave the eye to form the optic nerve. Unlike most other vertebrates, the primate retina is unique in that the vast majority of the output is carried by the midget and parasol ganglion cells, which provide dominant inputs to the parvocellular and magnocellular pathways, respectively. Most other ganglion cell types have a numerically sparser representation and are functionally less well characterized (reviewed by Field and Chichilnisky, 2007) . For this reason, dominant models of primate vision generally focus on the midget and parasol pathways, which are traditionally thought to act as simple relays, each adapted for conveying complementary spatiotemporal aspects of the visual scene. Parasol cells have high temporal resolution and large receptive fields, making them ideally suited for conveying information about object motion. Midget cells have much smaller receptive field sizes and poor temporal resolution and are better suited for conveying information about object form and finer textures (Field and Chichilnisky, 2007) . Importantly, the projections of all ganglion cells are organized in a precise retino-topographical manner, allowing some of the more complex features to be extracted at higher visual centers. For example, motion information can be extracted from the waves of activity relayed by a population of parasol ganglion cells as objects sweep across the retina (Frechette et al., 2005) . Data such as these have led to the common perception that the primate visual system has moved some complex visual processing back to higher brain centers so it can dedicate more retinal circuitry toward attaining very high visual acuity. However, in this issue of Neuron, Manookin et al. (2018) show that individual parasol ganglion cells deliver complex information about object motion to higher visual centers, refuting the long-standing notion that they are simple relays of spatiotemporal information. Manookin et al. (2018) recorded synaptic responses from parasol and midget ganglion cells in a macaque monkey whole-mount retinal preparation. To study motion sensitivity, they compared how the two ganglion cell types respond to rectangular light stimuli presented in either a ''random'' or a ''moving'' condition. In the moving condition, the rectangle drifts smoothly across the ganglion cell's dendritic arbor. In the random condition, the rectangle is presented over the same regions of space but in a randomized temporal sequence. If the ganglion cells behaved like simple spatiotemporal filters, the response to the random and moving stimuli would be similar. However, parasol, but not midget, ganglion cells responded to moving stimuli with nearly twice the number of action potentials compared to the random condition, a stark deviation from the linear prediction. Motion sensitivity was observed over a variety of stimulus conditions (speeds and contrasts), indicating that it was a robust and general property of the cell. How do parasol ganglion cells acquire their sensitivity to motion?
Voltage-clamp recordings revealed larger excitatory currents in response to moving stimuli compared to random sequences, indicating that motion sensitivity arises from the presynaptic circuitry. Blocking GABAergic and glycinergic receptors reduced the motion sensitivity of the excitatory input. However, motion sensitivity was still present even during inhibitory blockade, suggesting that inhibition may contribute to motion sensitivity but is not necessarily critical. These data led Manookin et al. (2018) to conclude that motion sensitivity originates in the network of bipolar cells that provide the glutamatergic excitatory input to parasol ganglion cells. The question now becomes how do the presynaptic bipolar cells detect object motion?
Recently, Rieke and colleagues demonstrated a pivotal role for gap junctioncoupled bipolar cells in generating motion sensitivity in the mouse retina, findings that they substantiated using gap junction knockouts (Kuo et al., 2016) . Below, we discuss the principle considerations that make gap junctions particularly useful in this context. When a bipolar cell in a coupled network is stimulated by light in relative isolation, the current driven by glutamatergic input will flow laterally across gap junctions into the cell's electrically coupled neighbors. In this situation, gap junctions weaken the bipolar cell's response to light due to a reduction in input resistance ( Figure 1A ). However, when bipolar cells are depolarized in quick succession, as they would be in response to a moving edge, gap junction inputs can sum with photoreceptor inputs and strengthen bipolar cell voltage responses ( Figure 1B) . During the rising phase of the bipolar cell response, not only does the current through glutamate receptors sum with gap junction current arising from a pre-junctional cell, but it also does not flow back into the upstream ''donor'' cells because the voltage gradient across the gap junction opposes it, thus further augmenting responses ( Figure 1B) . Consequently, neurons that are positioned ''in front'' of the stimulus experience a larger junctional depolarization than those positioned ''behind'' the stimulus.
Sequential activation of gap junction-coupled cells also gives rise to a distinct ''population effect'' ( Figure 1B ), which could be especially important in processing weak signals. When a given bipolar cell response is strengthened by electrical signals, it will in turn produce a stronger gap junction signal in its downstream post-junctional partners. In this way, augmentation of electrical signals builds up over several neurons, ultimately limited by the strength of coupling between cells (Trenholm et al., 2013) . All of these factors, when combined with the nonlinear relationship between voltage and synaptic release, can cause extra glutamate to be released in response to a moving stimulus. Since bipolar cells driving parasol ganglion cells exhibit strong electrical coupling, Manookin et al., (2018) rationalized that motion sensitivity in primate might also arise via similar mechanisms. The gap junction model for motion sensitivity requires coincident gap junction and synaptic input at the level of bipolar cells and puts experimentally verifiable constraints on the stimuli that would be considered moving. To systematically test these predictions, Manookin et al. (2018) and time intervals between the bar presentations. They found that when the two bars were presented close together in space and time, they evoked much larger excitatory currents in parasol ganglion cells than what is predicted by the linear summation of the responses to each bar presented separately. Importantly, the supralinearity was not present if the bars were separated by more than the distance of two bipolar cell receptive fields (64 mm) and was absent if the bars were presented more than 30 ms apart. The spatial and temporal dependence of the supralinear summation matches expectations from models where motion sensitivity is mediated by electrically coupled bipolar cells.
One potentially confusing result is that the bipolar cells that provide input to midget ganglion cells are also gap junction coupled, yet midget ganglion cells are not motion sensitive. Manookin et al. (2018) argue that lateral inhibition, which is stronger in the midget circuit, offsets the augmentation provided by gap junctions. However, this reasoning may be problematic in the central retina and the fovea, where lateral inhibition in the inner retina is significantly weaker (Sinha et al., 2017) . Other possibilities, which are not mutually exclusive, are that coupling between bipolar cells is stronger in the parasol pathway or, alternatively, that junctional depolarizations are processed differently in different bipolar cells. Indeed, diffuse bipolar cells driving parasol ganglion cells express voltagegated sodium channels, whereas as midget bipolar cells do not (Puthussery et al., 2013) . It seems likely that having this additional nonlinearity in the parasol excitatory pathway would accentuate the effects of gap junction coupling.
This study, together with work done in mouse (Kuo et al., 2016) , raises a new and exciting idea that motion sensitivity originates from electrically coupled bipolar cells and opens doors to new lines of future investigations. One particularly interesting question is whether other elements in the parasol circuit that exhibit gap junction coupling also contribute to motion selectivity. For example, in addition to bipolar cell coupling, parasol ganglion cells (but not midgets) may also be coupled to each other and/or to amacrine cell networks (Dacey and Brace, 1992; Trong and Rieke, 2008) . Indeed, a recent study demonstrates that amacrine cells mediate lateral excitation via gap junctions in the mouse retina (Roy et al., 2017) . In addition, direct evidence for the essential factors required for motion sensitivity, including the lateral flow of electrical currents, nonlinear interactions between electrical/chemical input, and the ''population effect,'' was obtained using paired recordings from the electrically coupled direction-selective ganglion cells in the mouse retina (Trenholm et al., 2013) . Here, too, the effects of gap junctions are relatively local, as electrical inputs are strongly attenuated by ganglion cell dendrites. However, in the study by Manookin et al. (2018) , the relative contribution of electrical inputs and bipolar cell glutamate inputs cannot be easily distinguished based on voltage-clamp recordings of the motion-evoked excitatory currents in parasol ganglion cells. Thus, addressing the contribution of other coupled elements that may collaborate to enhance motion sensitivity would require alternate approaches. Finally, motion sensitivity seems to be emerging as a general property of gap junctioncoupled networks (Figure 1 ). Whether such properties manifest in other electrically coupled networks in monkey retina or in higher motion processing centers in the brain remain to be determined.
In summary, work from Manookin et al. (2018) elegantly demonstrating motion sensitivity in the parasol circuit extends the conclusions drawn from work primarily done in mice to monkeys. The common circuit mechanism for processing motion information observed between primates and rodents suggests that, despite their differences in retinal architecture and circuitry, there may be more common design principles than previously appreciated. Moreover, the rationale for such a design is clear: motion detection early in the visual pathway would enable a faster response to movement than would be permitted if information processing only began in higher cortical pathways. This would be extremely valuable for behavioral outcomes. Future work that could uncover more examples of complex computations in the primate retina (e.g., direction selectivity) is an exciting prospect.
